Phagocytic and chemotactic activities of haemocytes from two clam species, Tapes decussatus and T. philippinarum have been studied using bacterial challenge. Three strains of Vibrio tapetis, the causative agent of the brown ring disease a#ecting these clam species, and one strain of Escherichia coli were used in the study. All extracellular products of the bacterial strains were demonstrated to be chemoattractants to clam haemocytes, however, significant di#erences (P<0·025) in migration indices of haemocytes were obtained between the E. coli and V. tapetis strains. Phagocytosis by T. decussatus and T. philippinarum haemocytes is apparently a non-specific process, although a#ected by the viability of the microorganisms. Soluble haemolymph proteins are not required for identification of non-self or in the internalisation process.
I. Introduction
The immune system of bivalve molluscs depends on circulating haemocytes present in the blood, which are able to migrate throughout the tissues in response to foreign materials including potential pathogens. The primary defence strategies involve phagocytosis and encapsulation, release of reactive oxygen metabolites and degradative enzymes, and the secretion of agglutinating and cytotoxic molecules (Leippe & Renwrantz, 1988; Pipe, 1992; Coles & Pipe, 1994; Torreilles et al., 1996 Torreilles et al., , 1997 Carballal et al., 1997; Pipe et al., 1997) . The evaluation of the phagocytic capacity of bivalve haemocytes is particularly important in the estimation of defence capabilities because most of the clearance and intracellular destruction of microorganisms is carried out by these cells (Rodrick & Ulrich, 1984) .
The process of phagocytosis may be characterised by the following steps (Torreilles et al., 1996; Lopez et al., 1997a) : (i) chemotactical activation of haemocytes; (ii) attachment of particles to the surface of the phagocytes; (iii) *Corresponding author. E-mail: jjborrego@ccuma.uma.es incorporation of the particles; (iv) their intracellular digestion. This process involves the migration of molluscan haemocytes toward substances released by damaged tissues and/or infecting organisms. However, little is known about the stimuli responsible for this chemotactic attraction. Infiltration and accumulation of phagocytic haemocytes at the site of injury are the initial responses of the molluscs to wounding or infection (Des Voigne & Sparks, 1968; Baker, 1976; Sparks, 1985) . Migration of bivalve haemocytes towards bacterial stimuli has been demonstrated in vitro for haemocytes of Crassostrea virginica (Cheng & Rudo, 1976; Howland & Cheng, 1982; Ford et al., 1993) , Corbicula japonica (Kumazawa & Morimoto, 1992) , Tapes decussatus and T. philippinarum (Oubella et al., 1993) , Mytilus edulis (Schneeweib & Renwrantz, 1993) and Mercenaria mercenaria (Fawcett & Tripp, 1994) .
Bivalve haemocytes recognise and react to foreign substances and microorganisms by endocytosis or encapsulation (Cheng, 1984; Tripp, 1992) . Although the recognition process is generally mediated by specific or nonspecific substances such as soluble lectins (Suzuki & Mori, 1990) or opsonins (Yang & Yoshino, 1990a,b) , it is clear that not all molluscan species require such molecules for e#ective endocytosis (Anderson & Good, 1976) .
Manila (T. philippinarum) and carpet shell clams (T. decussatus) are intensively cultured along the Atlantic coasts of France, Spain and Portugal, and in certain areas of the Mediterranean coasts of Italy and Spain (Barillari et al., 1990) . Adult clams of both species, mainly T. philippinarum, are frequently infected with Vibrio tapetis, the causative agent of the brown ring disease (BRD), an epizootic disease which provokes gross mortality of the cultured clam population (Paillard et al., 1989; Castro et al., 1992; Maes et al., 1993) . This pathogenic microorganism is specifically associated with the periostracal lamina of the diseased clams (Castro, 1994) , where it disrupts the normal clam calcification process producing the conchiolin deposit on the inner surface of the clam shell (Paillard & Maes, 1995; Allam et al., 1996) .
Knowledge of manila and carpet shell clam haemocytes and their functions is rather scarce. In fact, only Lopez et al. (1994 Lopez et al. ( , 1997b have studied the phagocytic process of haemocytes of carpet shell clams, and the associated cytotoxic mechanisms. Experimental challenge of manila clams with V. tapetis induced a number of changes in the host defence system, with the mobilisation of haemocytes from tissues in response to pathogenic stress being the most significant .
Little is known on the virulence capability of V. tapetis and the pathogenic mechanisms involved in the clam infection. Borrego et al. (1996b) , studying the adhesive capability, toxin and hydrolytic enzyme production, and iron-acquisition systems of V. tapetis, concluded that only the specific adhesion and the secreted enzymes may be related to the virulence of the pathogen.
The aim of this study was to investigate the role of secreted enzymes contained in the extracellular products of V. tapetis as chemoattractants of manila and carpet shell clam haemocytes. In addition, the di#erential phagocytic process of the haemocytes of the two clam species have been evaluated using inactivated and live cells of the pathogen. 
II. Materials and Methods

BACTERIAL STRAINS
Two strains of V. tapetis isolated from manila clams (T. philippinarum) a#ected with BRD (strains CECT 4600 T and B9·4) and one strain (RD-0202) isolated from BR diseased carpet shell clams (T. decussatus) (Novoa et al., 1998) were used as stimulants of phagocytosis and as the source of chemoattractants. The characteristics of V. tapetis strains have been described previously (Borrego et al., 1996a) . The reference strain of Escherichia coli ATCC 13706 was used for comparative purposes. The E. coli strain was cultured on Tryptone Soya Agar (TSA, Oxoid) at 36 C for 24 h, and the V. tapetis strains were grown in TSA supplemented with a 2% NaCl (TSAS) at 22 C for 48 h.
EXTRACTION AND CHARACTERISATION OF BACTERIAL EXTRACELLULAR PRODUCTS (ECPs)
ECPs were extracted by applying the cellophane technique described by Liu (1957) . Briefly, tubes containing 5 ml of Tryptone Soya Broth (TSB, Oxoid) or saline TSB (TSBS) were inoculated with one swab of a 30 h bacterial growth on TSA or TSAS and incubated for 20 h at 22 C for Vibrio strains or for 20 h at 36 C for E. coli. Two hundred l of the culture was spread on cellophane overlaid on a TSA or TSAS plate and incubated in optimal conditions (22 C, 48 h for V. tapetis, and 36 C, 24 h for E. coli). Bacterial cells were harvested in Phosphate Bu#ered Saline (PBS, pH 7·0) and the cell suspension centrifuged at 13 000 g (20 min at 4 C). The supernatants were filtered through 0·45 m pore-size membrane filters and the filtrate was lyophilised and stored at 4 C. Total protein was measured in ECP samples following the method described by Bradford (1976) using bovine serum albumin (Sigma) as standard.
Global enzymatic activities of ECPs were evaluated by the use of the API ZYM system (BioMerieux). A 65 l volume of each sample was inoculated in each well and the gallery was incubated at 20 or 36 C, in the case of V. tapetis and E. coli, respectively, for 18 h. The results were recorded following the manufacturer's instructions. Briefly, individual enzymatic activities were detected by the development of characteristic coloured products within 5 min after addition of the ZYM reagents supplied with the system. The results were recorded by comparing the colours developed as the colour chart provided by the manufacturer.
HAEMOCYTES AND CELL-FREE HAEMOLYMPH
Clams were provided by CICEM 'Agua del Pino' (Huelva, Spain) and assayed for the presence of BRD using intervalval water of the clams as inoculum (Castro et al., 1995 (Castro et al., , 1997 . Maintenance of the clams was carried out following the procedures described by Martinez-Manzanares et al. (1998) , and all the experiments were undertaken during the summer and autumn of 1998 under controlled temperature (19 C).
Haemolymph was taken from the posterior adductor muscle of each clam species, T. decussatus and T. philippinarum, using a 20 gauge needle attached PHAGOCYTIC AND CHEMOTACTIC RESPONSES OF MANILA to a 3 ml syringe, through a hole drilled in the shell margin of the clams. Haemolymph was diluted 1:3 in a modified anti-aggregant Alsever solution (MAS) (20·8 g l 1 glucose, 8·0 g l 1 sodium citrate, 3·36 g l 1 EDTA, 22·5 g l 1 NaCl, in distilled water). Haemolymph from five adult specimens of each clam species was pooled and the number of haemocytes was estimated using a Coulter-Counter (c.a 10 6 -10 7 cells ml 1 ). Cell-free haemolymph was prepared by centrifugation of whole haemolymph samples at 400 g for 10 min. The haemolymph supernatant was removed with a Pasteur pipette, and stored at 4 C within 24 h.
CHEMOTAXIS ASSAYS
The chemotaxis chambers used to measure haemocyte migration in vitro were supplied by Costar, and they consisted of Transwell tissue culture inserts (6·5 mm diametre, 3·0 m pore-size, polycarbonate filter) and 24 well tissue culture plates, which constitute the upper and lower wells of the chamber, respectively.
One hundred l of haemocyte suspensions (5 10 6 cells ml 1 ) was added to the upper wells of the chemotaxis chamber, and 600 l of Bu#ered Saline (BS) (0·58 M NaCl, 13 mM KCl, 13 mM CaCl 2 , 26 mM MgCl 2 , 0·54 mM Na 2 HPO 4 , 50 mM Tris-HCl, pH 7·4) was placed in the lower wells. Volumes were allowed to equilibrate for 15 min (at 15 C) to prevent net flow of solutions across the Transwell membrane during chemotaxis assays. Amounts of ECPs, used as chemoattractants, to achieve a final concentration of 100 g ml 1 (optimal concentration in range from 10-300 g ml 1 were placed in the lower wells of chemotaxis chambers. Chambers without addition of ECPs were used as negative controls. Chambers were then incubated at 15 C for 2 h, and after incubation, trypsin (0·01% w/v final concentration) was added to the lower wells and incubated for 2 min. The lower surfaces of Transwell inserts were washed thoroughly to ensure that all cells which had passed through the membranes could be collected in the lower wells. The Transwell inserts were then removed and the plates were centrifuged (300 g for 5 min). The number of cells that had migrated to the lower wells were counted in 16 random fields using an inverted microscope (Nikon). A migration index (MI) was calculated by dividing the number of cells migrating with chemoattractants by the number of cells in controls. Two experiments with three replicates were conducted.
PHAGOCYTOSIS ASSAY
Prior to the phagocytosis assay, haemocytes suspended in MAS were centrifuged at 400 g for 10 min, supernatant removed and the cell pellet resuspended in BS.
To di#erentiate attached bacteria from internalised bacteria, the technique described by Devrets & Campbell (1991) and modified by Mortensen & Glette (1996) was used. This procedure relies on the labelling of bacteria with fluorescein isothiocyanate (FITC, Sigma) and the use of ethidium bromide (EB, Sigma) as a quenching agent. EB is a dye, excluded by live eukaryotic cells, which fluoresces red-orange and causes FITC-labelled targets to shift from green to red fluorescence (Fattorosi et al., 1989) . V. tapetis and E. coli cultures were harvested by centrifugation at 2000 g for 15 min, and the pellet was adjusted to an optical density (at 600 nm) of 0·6 in 0·1 M NaHCO 3 . Bacteria were inactivated using 0·7% formaldehyde overnight at 4 C then washed by three cycles of centrifugation (at 2000 g for 15 min) in 0·1 M NaHCO 3 . Live and inactivated bacteria were labelled by the addition of FITC to achieve a final concentration of 0·1 mg ml 1 and incubated at 22 C for 1 h. Bacteria were pelleted at 12 000 g for 5 min (4 C) and washed twice with sterile BS.
In the in vitro phagocytosis assays 5 10 6 haemocytes ml 1 were incubated in BS with the bacterial suspensions for 3 h at 15 C, at a bacteria to haemocyte ratio of 20:1. To verify the influence of soluble substances contained in the haemolymph, supernatants of cell-free haemolymph were used as media of the bacteria-haemocyte suspensions. After incubation, the mixtures of haemocytes and bacteria were centrifuged three times at 300 g for 5 min to remove the non-phagocytosed bacteria. Then, 100 l amounts were removed and mixed with EB (50 g ml 1 final concentration), and a drop of 50 l was immediately placed on a glass slide, overlaid with a coverslip, and examined under a fluorescence microscope (Nikon equipped with a 520 nm filter). The average number of bacteria engulfed per haemocyte was estimated after examination of at least 50 cells with five replicates. The total number of bacterial cells in each of the 50 haemocytes was counted, and the average number of bacterial cells (at least 250) per haemocyte was calculated (phagocytic index).
STATISTICAL ANALYSIS
The influence of the addition of cell-free haemolymph, the type of the bacterial strain used, and the viability of the bacteria on the phagocytic activity of the haemocytes was tested by one-way ANOVA using the Fisher's PLSD coe$cient. Student's t-test was used for migration analysis.
III. Results
CHARACTERISATION OF THE CHEMOATTRACTANTS
Extracellular enzymatic composition of V. tapetis varied depending on the strains studied. All the strains tested were negative for cystine-arylaminidase, trypsin, -and -galactosidase, and -glucosidase, but positive for alkalineand acid phosphatase, esterase, esterase-lipase and leucine-arylaminidase.
The intraspecific variation of the ECP content (Table 1) is based on the following enzymatic activities: lipase and -glucuronidase (only positive for the strain RD-0202), -mannosidase and -fucosidase (only positive for the strain B9·4), valyl-arylminidase and -glucosidase (positive for strains CECT 4600 and RD-0202), phosphohydrolase and N-acetyl--glucosidase (positive for strains B9·4 and RD-0202), and -chemotrypsin (positive for strains CECT 4600 and B9·4).
PHAGOCYTIC AND CHEMOTACTIC RESPONSES OF MANILA
E. coli ECP contained the following enzymatic activities: alkaline-and acid phosphatase, esterase, esterase-lipase, lipase, leucine-arylaminidase, trypsin and -chemotrypsin, phosphohydrolase, -and -galactosidase and -glucosidase (Table 1) .
CHEMOTAXIS
Haemocytes of both clam species tested (T. decussatus and T. philippinarum) migrated to both nonpathogenic and pathogenic clam bacterial species (E. coli and V. tapetis, respectively), although in the case of E. coli ECPs and T. decussatus haemocytes, di#erences were not significant (P>0·05) compared to the control (Fig. 1) . For all bacterial species used, migration indices obtained with T. philippinarum haemocytes were significantly higher (P<0·001) than those obtained for T. decussatus haemocytes, the maximum migration index being recorded for the strains of V. tapetis B9·4 and CECT 4600.
PHAGOCYTOSIS
The utilisation of a double fluorescence microscopy technique allowed the detection and discrimination of attached and internalised bacteria in the phagocytic haemocytes of both clam species. Live bacteria were labelled with 
L. LOPEZ-CORTES ET AL.
FITC and tested using a plating assay on TSA or TSAS to verify that the labelling did not a#ect their viability. The mixture of labelled bacteria and haemocytes was counterstained with EB to change the fluorescence of extracellular bacteria. As a result of the EB addition, attached but not internalised bacteria fluoresced red, whilst intracellular bacteria fluoresced green, indicating that they were engulfed and not merely surface associated. The phagocytosis process of both types of clam haemocytes against live and inactivated bacterial cells was estimated using phagocytic activity (Table 2) . In all cases, the phagocytic rate was lower in haemocytes of T. decussatus compared to T. philippinarum. No significant di#erences (P>0·05) in phagocytic activity of T. decussatus haemocytes could be observed between inactivated E. coli and V. tapetis strains with or without the addition of cell-free haemolymph (Table 2) , whilst for live cells significant di#erences The results of the phagocytic activity of T. philippinarum haemocytes are also given in (Table 2 ). In contrast to T. decussatus, there was a significant di#erence (P<0·001) in the phagocytic index between E. coli and V. tapetis strains in all the conditions assayed, except for the inactivated cells (P=0·07). The highest phagocytic indices were recorded for the live V. tapetis strains, except in the case of the V. tapetis strain RD-0202 (2·42 vs 2·74). The presence of cell-free haemolymph in the assay generally lowered the phagocytosis e$ciency for live V. tapetis cells, but had no significant e#ect in the case of inactivated bacterial cells. The source and pathogenicity of the V. tapetis strains seemed to a#ect the e$ciency of phagocytosis by T. philippinarum haemocytes, since significant di#erences (P<0·0001) were recorded between strains isolated from T. philippinarum (CECT 4600 and B9·4) and that isolated from T. decussatus (RD-0202), except in the experiment with live cells supplemented with cell-free haemolymph (Table 3) .
IV. Discussion
The haemolymph of Tapes species contains at least two distinct haemocyte populations, granulocytes and hyalinocytes (Lopez et al., 1997b) . Several authors have demonstrated that the granulocytes in other bivalves were the most abundant and most actively phagocytic cells (Lopez et al., 1997a; Pipe et al., 1997) . In other molluscan species, only granulocytes migrated through chemotaxis filters in response to chemoattractants (Fawcett & Tripp, 1994) . Several observations suggest that granulocytes are the major e#ector cells for internal defence in these invertebrates (Tripp, 1992) .
Granulocytes of several bivalve molluscan species migrated toward both Gram-positive and Gram-negative bacteria in in vitro assays. Cheng & Howland (1979) demonstrated that the oyster haemocytes were only attracted to live bacteria, suggesting that the chemoattractants were molecules secreted by living vegetative cells. Secreted small proteins have been described as chemoattractants for Crassostrea virginica (Howland & Cheng, 1982) , and for Mercenaria mercenaria (Fawcett & Tripp, 1994) haemocytes. However, Schneewieb & Renwrantz (1993) suggested the involvement of bacterial (Kumazawa & Morimoto, 1992) , composition of the assay medium (Kumazawa et al., 1990) , and presence of cell-free haemolymph (Kumazawa & Shimoji, 1991; Fawcett & Tripp, 1994) . In the present study the bacterial extracellular products (ECPs) were used as chemoattractants for T. decussatus and T. philippinarum haemocytes. ECPs contain several enzymatic activities that may be related to the virulent properties of fish and shellfish pathogenic bacterial strains (Balebona et al., 1995; Borrego et al., 1996b) . Haemocytes of T. decussatus and T. philippinarum were attracted chemotactically to the bacterial ECPs used, as indicated for the migration indices obtained (Fig. 1) . The higher migration indices were recorded for the clam pathogen, V. tapetis compared to E. coli (1·84 vs 1·07 for T. decussatus, and 2·58 vs 1·85 for T. philippinarum). Cheng & Howland (1979) reported that V. parahaemolyticus, a pathogen to marine pelecypods, was not attracted to oyster haemocytes, therefore, a correlation between the chemotaxis and pathogenicity could not be established.
Levels of chemotaxis of manila and carpet shell clam haemocytes to E. coli were lower than those to V. tapetis strains. This di#erence may be attributed to the amount of the chemoattractant generated by the bacterial strain or to the recognition specificity of the Tapes haemocytes. Since in the chemotaxis assays performed the protein content of all the ECPs was standardised, these di#erences are probably due to the chemical composition of the ECPs used as chemoattractants. It is important to note that haemolysin activity has been detected in all the V. tapetis ECPs (Borrego et al., 1996b) . The presence of the haemolysins may increase haemocyte motility, acting as a powerful chemoattractant, as previously reported by Kumazawa & Shimoji (1991) .
A variety of invading microorganisms elicit significant responses in the molluscan immune system (Suresh & Mohandas, 1990; Mounkassa & Jourdane, 1990) , especially variation in the number of circulating haemocytes (Tripp, 1992; Oubella et al., 1993; Mortensen & Glette, 1996; Lopez et al., 1997a) . However, di#erences in phagocytic activity of clam haemocytes against the causative agent of BRD has not yet been established.
Haemocytes of T. decussatus and T. philippinarum engulf e$ciently both specific bacterial pathogens as well as other types of bacteria such as E. coli (Tripp, 1992; Lopez et al., 1997a) . To verify the influence of humoral factors contained in the haemolymph on the e$ciency and/or specificity of phagocytosis, experiments were designed replacing the bu#ered saline with homologous cell-free haemolymph. The resistance of V. tapetis strains to clam haemolymph has been demonstrated previously, and all the strains exhibited similar growth rates in haemolymph of both clam species (Novoa et al., 1998) . The results obtained here indicate that the importance of molluscan haemolymph proteins for phagocytosis is variable, enhancing only phagocytosis of live cells of E. coli, with little e#ect on phagocytosis of inactivated bacterial cells (Table 2) . These results are similar to those reported by other authors (Rodrick & Ulrich, 1984; Sminia & van der Knaap, 1987) , although it is clear that haemolymph is not necessary for Tapes haemocytes to phagocytose bacterial particles in vitro. Tripp (1992) established that clam serum may exert an opsonic e#ect when relatively few particles are present and/or when environmental temperature is low. The latter may be a key factor, since if this occurs in vivo it may be of importance for the clearance of some infectious agents from clam tissues during cold weather. In the case of BRD, the epizootic outbreaks appear in the spring months, and the explanation for this seasonal variability has always been attributed to a weakening of the physiological mechanisms of the clams at higher temperatures (Castro, 1994) .
No di#erential phagocytic activity of clam haemocytes has been observed against V. tapetis strains isolated from di#erent sources, with di#erent degrees of pathogenicity and host-range specificity (Tables 2 and 3 ), indicating that the phagocytic process is independent of the pathogenicity of the strains. However, in contrast with the results obtained by Tripp (1992) , viable cells of V. tapetis were more e$ciently phagocytosed by the haemocytes than the formaldehyde-inactivated cells. This may be due, according to Moore & Gelder (1987) , to the presence of specific recognition molecules in V. tapetis outer membrane that specifically combine with haemocyte receptors.
In conclusion, ECPs of V. tapetis strains were shown to be chemoattractants for clam haemocytes. Phagocytosis by T. decussatus and T. philippinarum haemocytes is apparently a non-specific process, and soluble haemolymph proteins are not required for identification and internalisation of these foreign particles.
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